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Induction of structural changes in ﬁreﬂy luciferase were identiﬁed by proteolytic digestion, activity mea-
surement and spectroscopic tools upon treatment with 2,2,2-triﬂuoroethanol (TFE). Our results show that
the conformation and function of luciferase change according to TFE concentration. Limited addition of
TFE (below 10%) alters the tertiary structure and proteolytic rate with a similar digestion pattern, without
noticeable changes in the secondary structure. Conformational changes result in loss of enzymatic activ-
ity. More addition of TFE (between 20% and 30%) disrupts the tertiary structure, and consequently the
activity completely disappears without recovery upon dilution. Furthermore, at high protein concentra-
tion, signiﬁcant aggregation is observed in this range of TFE concentration. A further increase in TFE con-
centration (above 30%) induces more helical structure, which is more resistant to tryptic attack. Overall,
in spite of large conformational changes of luciferase induced by TFE, the prime-sites of proteolytic cleav-
age are still located at the same chain segments.
 2015 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Bioluminescence enzyme, ‘luciferase’, is a family of proteins
that can be isolated from a large variety of organisms [1–3]. Fireﬂy
luciferase is a monomeric enzyme of 62 kDa that produces excited
state oxyluciferin from D-luciferin in the presence of Mg2+-ATP and
molecular oxygen. Relaxation of oxyluciferin is accompanied by
radiation of visible light, usually in the green to yellow region, typ-
ically 550–570 nm [3–5]. The basic reaction research mainly
focused on the ﬁreﬂy Photinus pyralis luciferase [4]. According to
crystal structure, P. pyralis luciferase is composed of a large N-
terminal domain and a smaller C-terminal domain connected by
a ﬂexible linker region [6], and the presumed active site is sur-
rounded by residues predominantly located at the N-terminal
domain except for one or a few residue(s) in the C-terminal domain
[7,8].
It has been demonstrated that the alcoholic co-solvents destabi-
lize the tertiary structure of proteins [9,10] and stabilize the sec-
ondary structures [11,12]. 2,2,2-triﬂuoroethanol (TFE) is an
important co-solvent in studying of protein structure [13]. Like
conventional denaturants such as urea and guanidine hydrochlo-
ride, TFE destroys tertiary structure of proteins. Regarding second-
ary structure of proteins, however, generally differs from theaforementioned denaturants [12,14]. TFE is also known to induce
non-native partially folded states in proteins and to increase the
helical content of the proteins. By addition of TFE to aqueous solu-
tions, peptides with a predisposition for helical secondary struc-
ture can often be induced to undergo a transition from random
coil to a-helix [11,12,14,15]. In fact, the induction of a-helical
structures are dependent on the inherent structural preference of
the amino acid sequence [16,17]. Currently, the detailed mecha-
nism for disruption of polypeptide chains by TFE is not clear, how-
ever, it is well reported that the major mechanisms by which TFE
modulates protein structures are weakening the hydrophobic
interactions, increasing intramolecular hydrogen bonds and dis-
rupting water networks [18,19].
According to previous studies [20–22], two distinct regions of P.
pyralis luciferase were found sensitive to proteolytic degradation.
Digestion of the P. pyralis luciferase using trypsin yields two major
fragments with molecular masses about 40 and 30 kDa and some
other peptides in low amounts. The aim of the current research
was to investigate the conformational aspects and helical propen-
sity of P. pyralis luciferase, in aqueous TFE and elucidate the mech-
anism of TFE-induced conformational changes. Contrasting the
ﬂexibility regions in the enzyme will help to identify more prote-
ase-sensitive regions and possibly facilitate the design of more sta-
ble forms of luciferase, to improve luciferase application in broad
range of in vitro and in vivo. Insights into the structure and dynamic
of the ﬁreﬂy luciferase in aqueous TFE were obtained through
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presence of various TFE concentrations.
2. Materials and methods
All experiments were performed in triplicate and the results
were presented as their mean value. The experimental error was
never over 10%.
2.1. Materials and chemicals
The gene encoding wild-type P. pyralis luciferase (pET-luc) was
used to express P. pyralis luciferase as reporter earlier [21–23]. The
Ni–NTA Sepharose was purchased from Qiagen Inc (Germantown,
USA). ATP was purchased from Roche (Basel, Switzerland). D-Lucif-
erin potassium salt was obtained from Synchem Corp. TFE was pre-
pared from Merck (San Diego, CA, USA). All the other chemicals
were of analytical reagent grade and were obtained from Sigma
(St. Louis, USA) or Fluka (Ronkonkoma, NY, USA).
2.2. Expression and puriﬁcation of luciferase
The bacteria containing the recombinant vector for P. pyralis
luciferase was grown at 37 C on LB-ampicillin (50 lg/ml) medium,
until the cell density reached an absorbance of 0.8–1 at 600 nm
(A600), and then induced with lactose (4 mM) for 12 h at 22 C.
After centrifuging the cell bacteria was resuspended in lysis buffer
(50 mM Tris–HCl, 10 mM imidazole (pH 7.8), 300 mM NaCl, and
1 mM PMSF (freshly added)), lysed by sonication and total protein
extracted. The cell lysate clariﬁed by centrifugation was added to
Ni–NTA Sepharose column. After washing with an imidazole step
gradient (30, 60 mM), the recombinant luciferase protein was
eluted with 250 mM imidazole [21–24]. Protein purity was esti-
mated by SDS–PAGE and protein concentration was determined
by Bradford method [25].
2.3. Limited proteolysis of ﬁreﬂy luciferase in TFE
Proteolysis of P. pyralis luciferase was performed by trypsin,
added at enzyme/substrate (E/S) ratio of 1:100 or chymotrypsin
with E/S ratio 1:250 [21]. The reaction was carried out at 25 C
for 15 min and started by 0.5 mg/ml of puriﬁed luciferase, either
in the absence and presence of TFE up to 50% (v/v) concentration.
At the end of incubation time, aliquots were stopped by adding
1 mM PMSF. Samples were then placed in SDS loading buffer and
boiling for 5 min. Cleaved peptides were resolved on SDS–PAGE
(12.5% acrylamide) and stained with coomassie brilliant blue R-
250 (Serva Fine Chemicals, Westbury, NY, USA).
2.4. Spectroscopic studies
The puriﬁed luciferase was dialyzed in 50 mM Tris buffer pH
7.8, containing 150 mM NaCl, 1 mM DTT, 1 mM EDTA, 1 mM
Ammonium Sulfate, and 2% (v/v) glycerol; at 4 C, to exude imidaz-
ole. The structural studies were performed on the dialyzed
proteins.
2.4.1. Circular dichroism measurements
CD spectra were obtained on a JASCO J-715 spectropolarimeter
(Japan) at ambient temperature of 25 C. The ﬁnal protein concen-
tration for far-UV CD was 0.2 mg/ml in the absence and presence of
TFE, and pH was maintained at 7.8. The results were expressed as
molar ellipticity, [h](degree cm2 dmol1), based on a mean residue
molecular weight (MRW) assuming its average weight for ﬁreﬂy
luciferase protein. The mean residue ellipticity [h] was calculatedfrom the formula [h]k = (h( 100 MRW)/(cl), where h is measured
ellipticity in degrees wavelength k, c is the protein concentration
in mg/ml, and l is the optical path length in centimeter.2.4.2. Intrinsic ﬂuorescence and ANS binding measurements
Fluorescence emission spectra of puriﬁed luciferase were
recorded in the absence and presence of TFE using a Cary-Eclipse
ﬂuorescence spectrophotometer (Varian Inc., Mulgrave, Australia)
at an excitation wavelength of 295 nm. The protein concentration
was adjusted to 0.02 mg/ml. Measurements were taken at 25 C,
pH 7.8, and the ﬂuorescence emission spectra were scanned
between 300 and 400 nm. ANS binding studies were performed
in the TFE/water mixture at pH 7.8. The ﬁnal luciferase concentra-
tion was also 0.02 mg/ml, and the molar ratio of protein to ANS
was 1:30. The ANS emission spectra were scanned from 400 to
600 nm with an excitation wavelength of 350 nm.2.4.3. Bioluminescence emission spectra measurements
Bioluminescence emission spectra of the luciferase were mea-
sured using Cary-Eclipse ﬂuorescence spectrophotometer (Varian
Inc., Mulgrave, Australia) from 400 to 700 nm wavelengths, as
reported earlier [21–24]. A volume of 200 ll of the substrate solu-
tion (50 mM Tris–HCl, pH 7.8, 4 mM ATP, 2 mM luciferin, 10 mM
MgSO4) was added to 200 ll of puriﬁed protein incubated with
TFE, in a quartz cell. The spectra were automatically corrected for
the photosensitivity of the equipment.2.5. Aggregation measurements
Aggregation measurements were carried out by a UV spectro-
photometer (SCINCO UV S-2100, NY, USA) using the absorption
wavelength 405 nm (A405) with puriﬁed luciferase at a ﬁnal con-
centration of 1.5 mg/ml, pH 7.8, in the presence of different con-
centrations of TFE.2.6. Measurements of luciferase activity
The luciferase activity was measured at 25 C by Sirius Single
Tube Luminometer (Berthold Detection Systems, GmbH). Assays
were initiated by 10 ll of substrate solution containing 4 mM
ATP, 2 mM luciferin, 10 mM MgSO4 in 50 mM Tris–HCl (pH 7.8),
that mixed with 10 ll of luciferase enzyme incubated with differ-
ent concentrations of TFE. The luciferase activity (RLU/Sec) was
recorded in aliquots taken at different time intervals. Reactivation
experiment was carried out by 100-fold dilution of samples into
50 mM Tris–HCl buffer, pH 7.8, incubated for 10 min at 4 C.2.7. Protease assay in aqueous organic solvent media
The protease activity of trypsin in the absence and presence of
TFE was determined by a UV spectrophotometer (SCINCO UV S-
2100, NY, USA) at 25 C in 50 mM Tris buffer, pH 7.8, in 0.5 ml reac-
tion volume, as reported earlier [26]. The reaction was carried out
with 0.5% casein as substrate and 100 lg/ml trypsin enzyme. After
15 min, the enzymatic activity of protease was stopped by incuba-
tion with 0.5 ml of 10% trichloroacetic acid (TCA) for 30 min, sub-
sequently, after centrifuging, absorbance of the supernatant was
measured at 280 nm. In all experiments, co-solvent mixtures were
prepared by mixing required amounts of the components (TFE, Tris
buffer and casein substrate) and the enzyme, to determining prote-
ase activity in the presence of TFE.
Fig. 1. SDS–PAGE analysis of the proteolysis of ﬁreﬂy luciferase by trypsin and
chymotrypsin. Proteolysis was conducted for 15 min at 25 C in the presence of TFE
from 0% to 50% (by volume). The trypsin: luciferase ratio was 1:100 (by weight) (I).
(A) Molecular weight markers are shown on the left in kDa, control of trypsin,
control of intact luciferase, and luciferase proteolytic mixture in 0% (lanes 1–4,
respectively), (B) 1–5%, (C) 10%, (D) 20, 25, 30%, (E) 40%, 45%, 50% TFE, respectively.
Moreover, the proteolysis was carried out by chymotrypsin ([E/S] 1:250 (w/w))
with similar results (II).
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3.1. Proteolysis digestion
Our previous experiments showed that tryptolytic cleavage of P.
pyralis luciferase produced two main fragments and some other
peptides in low amounts [21]. Here, to gain further insight into
the change of the proteolytic susceptibility of P. pyralis luciferase
as a function of TFE, proteolysis by trypsin was performed at 0–
50% TFE, under the same condition as reported earlier [21]. This
protease is stable and active in the presence of aqueous organic
solvents [26,27].
The results of SDS–PAGE analysis (Fig. 1) show that under
native condition, trypsinolysis of P. pyralis luciferase (Fig. 1(I))
yields two clear bands (Fig. 1A). In 1–5% of alcohol, P. pyralis lucif-
erase was more susceptible to trypsin, but no difference in the
digestion pattern was observed (Fig. 1B). Higher concentration
(10%) of TFE did not signiﬁcantly change proteolysis compared to
those of lower concentrations (Fig. 1C). In 20–30% TFE, the pattern
of proteolysis was similar to the native condition, but protein
aggregates were observed (Fig. 1D). In 40–50% TFE, proteolysis rate
was decreased; because the strong band of intact protein appears
to be remained in the stained gel. In fact, in the presence of these
concentrations of TFE, SDS–PAGE analysis reveals that, P. pyralis
luciferase is digested slightly by trypsin, surprisingly with same
digestion pattern. Moreover, this experiment was carried out by
chymotrypsin ([E/S] 1:250 (w/w)) with similar results (Fig. 1(II)).
3.2. Spectroscopic analysis
To evaluate structural and dynamic changes of P. pyralis
luciferase in the presence of TFE, far-UV CD, intrinsic and ANSﬂuorescence, and bioluminescence emission spectra were recorded
at TFE concentrations of 0–50% (Fig. 2).
The far-UV CD spectrum of the native ﬁreﬂy luciferase exhibits
the characteristic double minimum near 208 and 222 nm indica-
tive of a-helix [23,25,27]. According to Fig. 2A, with the addition
of TFE, slight changes in secondary structure were observed at con-
centrations below 25%, whilst above this concentration, a gradual
strong increase of the negative ellipticity in the far-UV region indi-
cates induction of more regular secondary structure (mainly heli-
ces). To conﬁrm the helical content of luciferase in presence of
TFE and in agreement with the spectrum data, the quantitative
analysis of far-UV CD at different amounts of TFE was also calcu-
lated. As shown in Table 1, signiﬁcant levels of the regular second-
ary structure were observed as result of the TFE. Interestingly, the
helical content of luciferase increased upon the addition of TFE at
concentrations more than 25%.
The tertiary structural changes were monitored by the intrinsic
ﬂuorescence spectra of native ﬁreﬂy luciferase with and without
TFE. As shown in Fig. 2B, an increase in TFE concentration leads
to decrease in relative ﬂuorescence intensity, indicating that a
more polar environment is attained for Trp residues in TFE than
native condition [28]. As an alternative approach to detect changes
in tertiary structure, ANS ﬂuorescence spectra of P. pyralis lucifer-
ase were recorded in 0–50% TFE. ANS ﬂuorescence in different con-
centrations of TFE (without protein) was considered as blank.
Although intrinsic ﬂuorescence changed gradually, the ANS ﬂuo-
rescence spectra showed large variations. Fig. 2C shows that with-
out shift in kmax, the emission intensity is enhanced at TFE
concentration lower than 5%, whilst concentration about 10%
resulted in a decrease in intensity. At TFE concentration more than
20%, loss of ﬂuorescence intensity and shift to higher wavelengths
were observed indicating the binding of ANS molecules to less
hydrophobic environments. That is to say, lower hydrophobic
pockets for ANS binding were provided. In 40% TFE and more, a
large red shift similar 20% and 30% TFE was observed, but a gradual
increase in the relative intensity occurred. These changes are com-
pletely opposite to the process of protein unfolding [29], and sug-
gesting different phases of structural changes in P. pyralis luciferase
with TFE. Near-UV CD experiment took place to measure the ter-
tiary structure, but upon the addition of TFE to P. pyralis luciferase,
proteins were precipitated due to much higher protein concentra-
tion used for obtaining measurable spectra, a condition discussed
later.
To further explore the TFE effect on P. pyralis luciferase struc-
ture, the bioluminescence emission spectra were obtained. Native
ﬁreﬂy luciferase exhibits a spectrum with a peak at 555 nm
[23,25,27]. Fig. 2D depicts decrease in bioluminescence spectrum
intensity of P. pyralis luciferase as the concentration of TFE
increases up to 10%. With the addition of 20% and higher concen-
trations of TFE, bioluminescence spectra were completely
disrupted.
3.3. Aggregation measurements
As indicated in Fig. 3, aggregation assay of P. pyralis luciferase at
different concentrations of TFE shows slight aggregation in TFE
solution of low concentration (less than 10%). Signiﬁcant aggrega-
tion was observed at TFE concentrations between 20 and 30%, and
then aggregation rate began to decrease. Almost no aggregation
was found at TFE concentration lower than 5% or higher than 45%.
3.4. Enzymatic activity of luciferase
The effect of varying TFE concentrations on the enzymatic activ-
ity of P. pyralis luciferase was investigated and the results are
shown in Fig. 4. There was an obvious decrease in the enzymatic
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Fig. 2. Spectroscopic analysis of ﬁreﬂy luciferase in the presence of different concentrations of TFE. Far-UV CD (A), Intrinsic ﬂuorescence (B), ANS binding emission (C), and
Bioluminescence emission (D) spectra of ﬁreﬂy luciferase in solutions of different TFE concentrations. All the measurements were taken after the P. pyralis luciferase was
treated for 15 min in solution of different TFE concentrations at 25 C. The concentrations of TFE curves 1–10 were 0%, 1%, 5%, 10%, 20%, 25%, 30%, 40%, 45% and 50% (v/v),
respectively.
Table 1
The quantitative analysis of far-UV CD in different amounts of TFE. All the measurements were taken after the P. pyralis luciferase was treated for 15 min in the solution of
different concentrations of TFE. The concentrations of TFE curves 1–10 were 0%, 1%, 5%, 10%, 20%, 25%, 30%, 40%, 45% and 50% (v/v), respectively.
1 2 3 4 5 6 7 8 9 10
Helix 38.0 27.4 20.6 23.4 30.5 36.3 73.5 94.4 97.3 98.1
Antiparallel 6.7 11.6 15.4 12.6 6.8 5.8 1.1 0.2 0.1 0.0
Parallel 7.6 10.5 14.4 13.3 11.4 8.8 2.3 0.4 0.2 0.2
Beta-Turn 15.7 17.4 18.5 17.9 15.9 15.2 10.6 6.8 5.5 4.9
Random-Coil 30.0 38.7 50.6 48.9 47.9 37.8 9.6 1.1 0.5 0.5
Total Sum 97.9 105.5 119.4 116.1 112.5 103.9 97.0 102.9 103.6 103.7
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change in tertiary structure. Furthermore, there was a clear down-
ward trend in initial enzymatic activity with increasing TFE con-
centration. At 1% TFE concentration the initial activity was about
92% of the control sample (in the absence of TFE), and at 5%, 10%,
and 15% TFE, the initial activity were 20%, 6%, and 2% of control,
respectively. At concentration above 20% there was no measurable
activity. Reactivation assay of P. pyralis luciferase in the presence of
TFE concentration above 20% was carried out after 100-fold dilu-
tion into the same buffer without TFE. These concentrations of
TFE led to irreversible inactivation of P. pyralis luciferase (data
not shown). Moreover, as indicated in Fig. 4, in the time course
of enzyme incubation with TFE (60 min) the remaining activity of
luciferase gradually decreased.
3.5. TFE effect on protease activity
Further experiments were done in order to examine the effect of
different concentrations of TFE on the activity of trypsin, usingcasein as substrate. After 15 min of incubation, the rate of sub-
strate digestion by trypsin was recorded at 280 nm. As shown in
Fig. 5, protease activity was gradually decreased below 30%, as
TFE concentration increased, whilst above this concentration
(40–50%), a gradual slight increase was observed in the absorption
wavelength of 280 nm. In addition, it was found that in 30% of TFE,
casein substrate was slightly aggregated. Thus, more effect of high
concentrations of TFE on stability of ﬁreﬂy luciferase against prote-
olytic degradation does not derive from the point that protease
activity is disrupted completely by TFE.
4. Discussion
Alcohol-based co-solvents such as triﬂuoroethanol are able to
drive formation of native-like secondary structure elements and
have been used to form, and to stabilize secondary structure. TFE
is reported to drive the formation of such structural elements by
destabilizing hydrophobic interactions and stabilizing hydrogen
bonding, which has been conﬁrmed by different spectroscopic
Fig. 3. Aggregation process of ﬁreﬂy luciferase in different amounts of TFE. The
concentration of P. pyralis luciferase was adjusted to 2 mg/ml using 50 mM Tris-
buffer (pH 7.8). The extent of aggregation was measured by monitoring of light
absorption of 405 nm.
Fig. 4. Activity of ﬁreﬂy luciferase in the presence of different concentrations of
TFE. Maximum activity of ﬁreﬂy luciferase (100%) is attributed to 1.8  107 RLU/s.
The curves show the remaining activity in 0% ( ), 1% (), 5% (N), 10% (d), 15% (j)
and 20% (–) of TFE, respectively.
Fig. 5. Activity of trypsin in the presence of different concentrations of TFE at 25 C.
Cleavage rates of casein by trypsin (for 15 min) was plotted versus various
concentrations of TFE. Control incubations were carried out with 50 mM Tris buffer.
Different concentrations of TFE were prepared in 50 mM Tris, pH 7.8.
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luciferase has extensive analytical applications in vitro [5], in vivo
imaging [30] and even for organic synthesis [31]. This useful
enzyme is one of the ﬁrst known luciferases with identiﬁed bio-
chemical details, but there is much functional and structural stud-
ies remained to be performed. The structural changes occurred in
P. pyralis luciferase in presence of various TFE concentrations have
been monitored by changes in secondary and tertiary structure
according to proteolysis and spectroscopic techniques.
Limited proteolysis resulted in much detailed information on
conformational changes of protein in TFE. Limited proteolysis pri-
marily occurs at exposed regions which are intrinsically disordered
or highly dynamic, not at the level of regular secondary structure
elements such as helices [32,33]. In the absence of TFE, trypsin
cleavage of P. pyralis luciferase leads to appearance of two major
bands. With the addition of TFE, alterations of the susceptibility
of P. pyralis luciferase toward proteolysis occur without change
of proteolytic pattern (Fig. 1). Therefore, the results of proteolysis
experiment suggest that the primary regions for trypsin digestion
are still exposed in the presence of TFE.
The far-UV CD results indicate slight changes in secondary
structure of this enzyme in 1–25% TFE. After that, a noticeable
gradual increase in a-helical content was observed with the addi-
tion of more TFE (Fig. 2A and Table 1). According to ﬂuorescence
data, the ordered tertiary structure was strongly affected by
increasing concentration of TFE. Similar to previous report [34];
loss of tertiary structure in the presence of increasingconcentration of TFE was observed as conﬁrmed by Trp ﬂuores-
cence intensity (Fig. 2B). Therewith, exposure of hydrophobic clus-
ters of ﬁreﬂy luciferase in the presence of various concentrations of
TFE was analyzed by ANS ﬂuorescence (Fig. 2C).
A comparative analysis of data clearly reveals a dual nature for
TFE effect on luciferase structure. The lower ranges (1–5%) affect
the susceptibility of proteolysis, ﬂuorescence intensity, biolumi-
nescence spectra, and kinetics of inactivation under tension with
no signiﬁcant effect on the secondary structure. Only a small
change is observed in 10% TFE, indicating a minor effect on the
luciferase structure. In medium ranges; 20–30% TFE, the structure
and function of P. pyralis luciferase disrupt considerably; with shift
of ANS emission maximum to higher wavelengths, enzymatic
activity and bioluminescence emission disappear completely, and
proteins start to aggregate. The higher ranges; 40–50% TFE, cause
a more helical structure following more resistant to peptic diges-
tion, ultimately leading to increase in hydrophobic surface
exposure.
Co-solvents such as alcohols frequently stabilize the equilib-
rium intermediates [11,12,14,15,35]. An important experimental
observation, which has to be explained now, is at high protein con-
centration, as near-UV CD, obvious aggregates were observed ini-
tially in TFE concentrations between 20% and 30%, as well as in
proteolytic experiment that aggregation effect was slightly
appeared (Fig. 1D). These results indicate that a conformational
change accelerates aggregation as would be expected for high pro-
tein concentration based on protein–protein interaction [35].
Based on the previous models for the formation of protein aggrega-
tion [12,36] and our data, we proposed a possible explanation for
aggregation of P. pyralis luciferase in TFE. In 30% TFE, P. pyralis lucif-
erase does not have signiﬁcant ability to bind hydrophobic dye,
ANS (Fig. 2C), whereas at this concentration most of protein aggre-
gates were observed (Fig. 4). It provides evidence for the existence
of intermediates in transition from the native to the highly helical
state which exhibits little hydrophobic pockets. Therefore, inter-
molecular interactions between hydrophobic surfaces of non-
native folded intermediates are not responsible for aggregation.
Moreover, in a non-polar environment, electrostatic interactions
are known to play an important role in intermolecular interactions
[37]. It is conceivable that this intermediate does not possess the
characteristics of the molten globule state, whereas in some other
proteins, molten globule states caused by ﬂuoroalcohols have been
found [38,39]. At TFE concentration lower than 10%, the number of
TFE molecules in the solution was not enough to form protein
aggregates. At higher than 40% TFE concentration, it seems that
the appearance of highly helical structure prevents intramolecular
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the aggregates became unstable and a highly helical form became
dominant.
Furthermore, it has been known that much structural changes
in proteins can affect on protein function. To further explore the
new rearrangement of the protein structure, the enzymatic activity
assay and the bioluminescence emission experiment were carried
out. Comparing Figs. 2D and 4, the bioluminescence intensity and
enzymatic activity of P. pyralis luciferase disappeared completely
when the TFE concentration increased to 20% or more. Interest-
ingly, upon dilution of this inactivated enzyme into a 50 mM Tris
buffer pH 7.8, the activity was not absolutely recovered. These
results validate the presence of non-native intermediate in path-
way and that the active site of the enzyme is situated in a ﬂexible
region of the molecule, and the native speciﬁc tertiary structure is
essentially important for activity.
The challenge of this investigation was to possibly survey the
helical propensity of P. pyralis luciferase, in particular, the amino
acid sequences of two ﬂexible and protease-sensitive regions with
TFE. Our ﬁnding reveals that the P. pyralis luciferase has various
conformations in different aqueous TFE concentrations. At low
concentration of TFE, the protein adopts a more ﬂexible state and
thus becomes more prone to proteolytic attack (Fig. 1B and C),
while at high TFE concentration, proteolysis digestion reveals that
P. pyralis luciferase protein is somewhat more resistant to proteol-
ysis (Fig. 1E). The results of proteolysis experiments are in agree-
ment with spectroscopy data (Fig. 2), as far-UV CD spectrum
does not have signiﬁcant change in low concentration of TFE
(Fig. 2A), whereas that P. pyralis luciferase displays a reduction of
the intrinsic ﬂuorescence (Fig. 2B) and a escalation of the ability
to bind the hydrophobic dye (Fig. 2C), implying a partial denatur-
ation of the tertiary structure of protein and enhanced ﬂexibility.
At high TFE concentration, CD spectra in the far-UV region indicate
the increment of helical structure (Fig. 2A and Table 1). The new
structure renders this protein more resistant to peptic digestion,
because most of the protein remains undigested (Fig. 1E). However,
alcohol-induced structural change is a complex process that con-
tains disruption of the tertiary structure, alpha-helix formation,
and aggregation [40,41]. Therefore, the contribution of each reac-
tion should be considered for future studies. It is proposed that
the highly helical structure of P. pyralis luciferase in the presence
of TFE hampers binding and adaptation as a substrate at the active
site of the protease and that peptide bond ﬁssion occurs at ﬂexible
chain segments characterized by low helical propensity. It should
be noted; trypsin activity at high TFE concentration decreased
(Fig. 5) but at quantities much lower than percentage of luciferase
structure protection (Fig. 1E). In fact, it was found that trypsin is
somehow active at 40–50% of TFE (Fig. 5). That is to say, if it had
not been for protection of luciferase against proteolysis, much
lower of intact luciferase would have been obtained.
During the recent years, the ﬁreﬂy luciferases have been exten-
sively used for sensitive detection of metabolites, research applica-
tions and in vivo monitoring. However, the use of luciferase in the
analytical purposes suffers from losses in sensitivity and precision
as a result of the susceptibility to proteolytic degradation and
decrease in its half-life (20). Due to the protease contamination
in the most of in vivo or in vitro systems, it was of interest to design
of more stable forms of luciferase. Contrasting the ﬂexibility
regions in the enzyme will help to identify more protease-sensitive
regions and possibly facilitate the design of more stable forms of
this protein, to improve luciferase application in broad range of
in vitro and in vivo. Moreover, Limited proteolysis primarily occurs
at exposed regions which are intrinsically disordered or highly
dynamic, not at the level of regular secondary structure elements
such as helices [32,33]. TFE is known to induce the helical content
of the proteins [11,12,14,15]. But, the induction of a-helicalstructures is dependent on the inherent structural preference of
the amino acid sequences [16,17]. The current research was to
investigate the conformational aspects and helical propensity of
P. pyralis luciferase, in aqueous TFE and elucidate the mechanism
of TFE-induced conformational changes and identify more prote-
ase-sensitive regions. In conclusion, according to the results pre-
sented in this manuscript, P. pyralis luciferase maintains its
possessing sites to proteolysis in the presence of TFE regardless
of enhanced ﬂexibility or rigidity of the protein. In other words,
although ﬁreﬂy luciferase has high ﬂexibility in aqueous TFE and
preventing extensive degradation at high concentration of TFE
(above 30%), the sites of initial cleavage [21] are still kept.
5. AbbreviationsANS 1-Anilino-8-naphthalene sulfonate
CD Circular dichroism
E/S ratio Enzyme/substrate ratio
Ni-NTA Nickel-nitrilotriacetic acid
PMSF Phenylmethylsulfonyl ﬂuoride
P. pyralis Photinus pyralis
RLU/Sec Relative light unit/s
SDS–
PAGE
Sodium dodecyl sulfate–polyacrylamide gel
electrophoresisTFE 2,2,2-TriﬂuoroethanolAcknowledgment
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